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Abstract In this paper, we propose an accurate test of the distance-duality (DD) relation, 
J] = Dl{z){1 + z)^"^ /Da{z) = 1 (where Dl and Da are the luminosity distances and 
angular diameter distances, respectively), with a combination of cosmological observa- 
tional data of Type la Supernave (SNe la) from Union2 set and the galaxy cluster sample 
under an assumption of spherical model. In order to avoid bias brought by redshift incoin- 
cidence between observational data and to consider redshift error bars of both clusters and 
SNe la in analysis, we carefully choose the SNe la points which have the minimum ac- 
ceptable redshift difference of the galaxy cluster sample (|Az|niin = cr^.sN + c^^ciuster)- 
By assuming 77 a constant and functions of the redshift parameterized by six different 
expressions, we find that there exists no conceivable evidence for variations in the DD 
relation concerning with observational data, since it is well satisfied within Icr confidence 
level for most cases. Further considering different values of Az in constraining, we also 
find that the choosing of Az may play an important role in this model-independent test of 
the distance-duality relation for the spherical sample of galaxy clusters. 
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1 INTRODUCTION 

Distance-duality relation, also known as the Etherington's reciprocity relation (lEtherin gtoni 1 1 9 3 3l ) . is of 
fundamental importance in cosmology, which relates the luminosity distance (LD, Dl) with the angular 
diameter distance (ADD, Da) by means of the following expression, 

v = ^{i + zr^ = i. (1) 

^A 

We notice that the DD relation is completely general, valid for all cosmological models based on 
Riemannian geometry, being dependent neither on Einstein field equations nor the nature of matter- 
energy content. It only requires that source and observer are connected by null geodesies in a 
Riemannian spacetime and that the number of photon s are conserved. This equation plays an es- 
sential role in modern cosmology ( Csaki et al ranging from gravitation al lensing studies 



(ISchneidere"tallll992l:lFu et aLlbOOsI) to analyzes from galaxy clusters observations (iLima et al l l200i 
ICunha et alil2007l)T as well as to the plethora of cosmic consequences involving primar y and secondar 



Cunria et alil/UU/l) . as well as to the plethora or cosmic consequences mvolvmg primar y and secondary 
tempe rature anisotropies of the cosmic microwave background (CMB) observations dKomatsu et al.l 



|2010() 
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Up to now, diverse astrophysical mechanisms such as gravitational lensing and dust extinction have 
been proved to be capable to cause obvious deviation from the distance dua lity and testing this equa l- 
ity with high acc uracy can also provide a powerful probe of exotic physics jBassett & Kunzl r2004al lbl: 
ICorasanitl |2006|) . Therefore, it is rewarding to explore the distance-duality relation to test the validity 
of photon conservation etc. On the side of the observational data, if one is able to find cosmological 
sources whose intrinsic luminosities are known (standard candles) as well as their intrinsic sizes (stan- 
dard rulers), one can determine both and Da, and after measuring the common redshifts, to test 
directly the above Etherington's result. The possibility of using the Sunyaev-Zeldovich effect (SZE) 
together with X-ray emission of galaxy clusters to measure angular distances was suggested soon after 
the SZE was found (^Silk & White, 1978(). Using jointly, an independent method t o determine d i stance 
scales and thus to measure the value of the Hubble constan t has b een provided (I Silk & Whitel 1 19781 
iBirkinshaw et al.l Il99ll: llnagashi et al.l 1 19951: iNozawa et al.l |2006|) . By using an i sothermal spherical 
model for which the hydrostatic equiU brium model and spherica l symmetry assumed. lReese et"al](l2002|) 
sele cted 18 galaxy cluster s ample and lBonamente et al.l (|2006|) obtained 38 ADD galaxy clusters sam- 
ple. [DeFiliEEiZiiiD ( l20()5[) have corrected the samples by using an isothe rmal elliptical mod el to get 25 
ADDs of galaxy clusters. lUzan et al.1 ( |2004 considered 18 ADDs sample dReese etalll2002h to test the 
DD relation by assuming the ACDM model via the technique, £'^'"''''='■(2) = D'^^^ {z)rj^ {z) . They 
showed that no violation of the DD relation is only mar ginally consistent. Using the DD rela t ion fo r 
astrophysical research can be found in many works, e. g.. lBassett & Kun3 (l2004b ): lMore et al. I ( l2009t) : 
lAvgoustidis et al.l ( l2010h : lHolanda. Lima & Ribeirol ( 1201 lal) : ICao & ZhuT[201ll) . 

In order to test the DD relation in a model-independent way, one should use measurements of 
Dl from cosmological observations direct l y. The first direct evidence fo r cosmic acceleration came 
from Type la Supemave (SNe la) (iRiessL 19981: iPerlrnutter et all [l 9991). which have provided the 
strongest constraints on the cosmological parameters (iRiess et all |2004 120071: lAstier et al.l 120061: 
IWood-Vasev et all 120071: iKowalski et all |2008|). iDe Bernardis et alj (|2006|) divid ed the weighted av- 
erage of galaxy clusters (iBonamente et al.f 20061) and SNe la ( Riess et all |2004|) in redshift bins and 
concluded that the validity of 77 = 1 is consistent at 68.3% (Itr) CL. Recently, Holanda. Lima & Ribeirol 
(|2010j) tested the DD relation with ADD samples and the Constitution set of SNe la data ( Hicken et all 
I2OO91) . In order to avoid the corresponding bias of redshift differences, a selection criteria (A^; = 
|-2^SN — 2;ciutor| < 0.005) for a given pair of data set are used. By using two parameterizations of 77 
parameter, they found that t he DD r elatio n are marginally compatible within 2(t CL with the ellipti- 
cal model sample tDe Fi li ^pis et al.l 20051). and a strong vi olation (> 3g ) of th e DD relation with the 
spherical model sample ( Bonamente et al. , l2006l) . However. iLi. Wu. & Yul (I2OIII) found that, by remov- 
ing more data points of galaxy clusters samples according to the selection criteria, the DD relat ion can 
be acc ommodated at Icr CL for the elliptical model, and at 3cr CL for the spherical model. Na ir et all 
( I2OI ll) discussed the validity of the DD relation with observational data and ruled out some of the 
parameterizations significantly. 

It is obvious that the difference of redshifts between galaxy clusters and SNe la may cause obvious 
deviation in testing the DD relation. In principle, the only strict criterion to form a g iven pair is that 
galaxy clusters and SNe la should be at the same redshift. iLiang. Cao & Zhul (|201 ll) have found that 
the DD relation is satisfied at Icr CL with the corrected Dl located at the same redshift of the corre- 
sponding 38 spherical galaxy cluster sample, which are obtained by interpolating from the nearby SNe 
la of the Union2 set. It should be noted that the redshifts of observations are not determined with infi- 
nite accuracy, and there is no point to decrease Az below the total Icr error of observational redshifts 
Cz.tot = c^.sN + 0"^ cluster- Therefore, the finite errors of both clusters and SNe la should be taken 
into account in the analysis. In this paper, we consider redshift error bars of both clusters and SNe la 
in analysis of avoiding bias from redshift differences between observational data to test the DD rela- 
tion. In practice, cr^ tot is not smaller than 0.002, therefore it is not appropriate to use a smaller window 
constraint. For the total 38 data pairs with the spherical sample of galaxy clusters and the Union2 set, 
we find that differences of redshifts between total 38 data pairs are very small ( Az < 0.005), and there 
are 33 pairs for the minimum selection criteria jAzlmin = cr^ tot- Thus we choose the SNe la points 
which have the minimum acceptable redshift difference of the galaxy cluster sample Az < 0.002. This 
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criteria serves a muc h more stringent one compared with Az < 0.005 dHolanda. Lima & Ribeiroll20ld: 
iLi. Wu. & Yull20l"ll) . therefore the accuracy and reliability of our test should be improved. We also find 
that the choosing of Az may play an important role in this model-independent test. 

This paper is organized as follows. In Section |2] we introduce seven parametrizations for the DD 
relations applied in this work. In Section |3] we present a combined data given by the latest released 
Union2 SNe la data as well as the 38 galaxy cluster samples under an assumption of spherical model. In 
Section m we briefly describe the analysis method and show results for constraining parameters of the 
DD relation. Finally, we summarize conclusions in Section |5] 



2 DD RELATION PARAMETRIZATIONS 

Regarding the parametrization of the D D relation, a mode l independ ent test has been extensively 



Kegaraing the parametrization or the U iJ relation, a mode l maepena ent test has Deen extensively 
discus se d in the above quo t ed papers (iDe Bernardis et al 1 12006^ iHolanda. Lima & Ribeird 1201 Ol 
201 lallbtlLTWu. & YuLl20rillNair et al.lboi iLlLiang. Cao & Zhuil20I itlMeng. Zhang & ZhanLl201 ih 
De Bernardis et al. I (120061)" considered n a constant with no relation to the redshift 



where -qo is a constant to be constrained by observational data. In general, 77 can be treated as parame- 
terized functions of the redshift, ri{z), which are clearly inspired on sir nilar expressions for w(z), th e 



equation of state in time-varying dark energy models (see, for in stance, ICheyallier & Polarsk i (200 ik 
lLindei|(l2003[) : ICunha et ai1(l2007b : [Silva. Alcaniz & Limal(l2007l) ). Recentlv. lHolanda. Uma\ Ribeirol 



(120101 



201 lah used two one-parameter expressions, namely. 



II. 77(z) = 1 + riaZ, 

III. riiz) = l + r]az/il + z) 

In this work, we also use another general parametric representations for a possible redsh ift dependence 
of the distance duality expression including three two-parameter paramete rizations dO! . Wu. & Yu[ 
I2OI lUNair et"alll201 itlLiang. Cao & Zhu[|201 lUMeng. Zhang & ZhanLl201 ll) 

IV. ?7(z) = l + ?;aln(l + z), 

V. r]{z) = 7/0 + VaZ, 
VL77(z) = ?;o + 77az/(l + z), 
Yll.r]{z) ^7^0 + VaHl + z). 

3 GALAXY CLUSTERS AND SUPERNOVAE L\ SAMPLES 

In this work, we consider the sample of ADD fro m galaxy clusters obtaine d by combining their SZE 
and X-ray surface brightness observations sample (^Bonament e et al.l |2006|) . Under an assumption of 
spherical model, the cluster plasma and dark matter distributions were analyzed assuming hydrostatic 
equilibrium model and spherical symmetry, thereby accounting for radial variations in density, temper- 
ature and abundance. Recently, the Supernova Cosmology Project (SCP) collab oration have released 
their Union2 compilation which consists of 557 SNe la ( Amanulla h et al.l I2OIOI) , which is the largest 
published and spectroscopically confirmed SNe la sample to date. 

For a given £)<^i"'5toi ^^j.^ point, theoretically, we should select an associated SNe la data point Df^ 
at the same redshift to obtain an 77obs- In order to avoid any bias of redshift differences between SNe la 
and galaxy clusters and to consider redshift error bars of both clusters and SNe la in analysis, we should 
determine the value of az,tot = Cz^sn +o'z, duster for the combination of obser vational data pairs. For the 
observations of SNe la, the peculiar ve locity uncertainty is set at 400knis~^ d Wood- Vasev et all 2007 ) 



(or 3 00kms~^, iKowalski et al.l ( l2008l) ) and the redshift uncertainty is ct^ sn = 0.001 ( Hicken et al 
I2OO9I) . For the observations of galaxy clusters, the rms one- dimensional cluster peculiar velocity uncer- 
tainty is set at 256l75^kms~^, which corresponds to the three-dimensional rms velocity 459l]^3gkms~^ 
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(IWatkinsl[l997l) (or 341 ± 93kms~i for the rms one-dimensional cluster peculiar ve locity, which cor- 
responds to the three-dimensional rms velocity 591 ± 161kms-\ Ibale et al.l ( Il999t) ) and the redshift 
uncertainty is (T^, cluster = 0.001. Therefore, Az = az,tot = 0.002 is considered in our work. Obviously, 
this strict choice with Az = 0.002 may helpfully ease the systematic errors brought by redshift incon- 
sistence between SNe la and galaxy clusters. Therefore, we obtain a sub-sample of SNe la from the 
Union2 data set whose redshifts coincide with the ones appearing in the galaxy cluster sample under 
this criterion. We then bin the SNe data in the redshift bins of the corresponding spherical galaxy clus- 
ter sample to obtain 33 data pairs in our test. Assuming that jii represents the ith appropriate SNe la 
distance modulus data (within the |Az| < 0.002 redshift range) with cr„, denoting its reported obser- 
vational uncertainty, in light of standard data reduction framework by iBevington & Robinsoa (.20031 
Chap. 4), we obtain 

where fl stands for the weighted mean distance modulus at the corresponding galaxy cluster redshift and 
(Tp serves as its uncertainty. 

It must be emphasized that, if a redshift-dependent expression for the DD relation is consid- 
ered, the SZEn-X-ray surface brightness observation technique gives = DA{z)rj^{z) 

jSunvaev & Zel'dovichi 1 19721: ICavaliere & Fusco-Fermianol Il978l) . So, we must replace Da{z) with 
£)ciustcrj'^^j^-2 yyjjgjj (j-y (q (ggf (jjg reciprocity relation consistently with the SZE-nX-ray observa- 
tions from galaxy clusters. Thus, the observed i]ohs{z) is determined by the following expression: 

iloM = Dt-'-'-iz){l + zf/DL{z). (3) 

It should be noted that the data points of the compiled Union2 SNe la are given in terms of the 
distance modulus, which could reduce to 

Dl[z) = 10"^'^/'^-^. (4) 

Accordingly, the uncertainty of the luminosity distance could be expressed in term of the distance mod- 
ulus uncertainty <7dl(z) = In 10/5 x 10(^/^~^V^(2). 

4 ANALYSIS AND RESULTS 

In this section, we estimate the r/o and rja parameters in seven parametrizations listed in Sec. |2] To esti- 
mate the model parameters of a given parameterized form, we use the minimum estimator following 
standard route 

X^(.;p) = E^^^^^^^^^^^P^. (5) 



Z 'loos 

where rjth represents the theoretical value of rj parameter with the parameter set p, and r^obs associated 
with the observational technique with the error of cr,)„bs ' which comes from the statical contributions 
and systematic uncertainties of the galaxy clusters and SNe la, as well as the redshifts 

<^Vo.. = fT^f "(1 + z)VDl - Df^'ao, (1 + z)yDl + 2Df-'a,{l + z)/Dl. (6) 

For the one-parameter models, one should expect the likelihood of 7]o or 7]a peaks at r^o = 1 or i]a = 
(Ax^ minimizes at 770 = 1 or j]a = 0), in order to satisfy the DD relation. As to the two-parameter 
models, one should expect 7^0 = 1 and r^a = to be the best-fit parameters in the confidence contours, 
if it consists with photon conservation and no visible violation of the DD relation. 

In Fig. [T] (Left), we plot the likelihood distribution function in the 7^0 — Ax^ plane and obtain 
?7n — 0.97lnnfi at liT, wh ich is in good qualitative accord with previous analyses (770 = LOI^q q^) 
(iDe Bernardis et al.l l2006l) . In Fig. □ (Right), we show the likelihood distribution function from three 
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one-parameter forms of the redshift; II. r/{z) = 1 + rjaz; III. r]{z) = 1 + 'r/az/{l + z); and IV. 77(2) 

1+0.15 ■ " 

'^-0.16 



1 + r]a ln(l + z). The best-fit values at la CL are r]a = -O.Olj:o:}6 for model I., 7]a = -O.Olto.ai for 



model II., and rig = — O.O l ln for model III., respectively, which are different from those obtained in 



Holanda. Lima & Ribeirol ( l20ld) . where the DD relation is ruled out at 3a CL, and those obtained in 
Li. Wu. & Yuf (1201 11) . where the DD relation is accommodated at 3a CL for the spherical model. Fitting 



results from one-parameter forms with the ADDs of galaxy clusters and the luminosity distances of the 
Union2 set with Az = az.tot = 0.002 are summarized in Table[T] 



Parameterization (Az = 0.002) 


770 


7?a 


I- Vo 







II. 1 + rjaZ 


1 


-0 01+"'-'^ 

'-'■'-'^-0.16 


III. 1 + 77a 


1 


-0 01+"'^^ 

'-'■'-'^-0.24 


IV. 1 + 77a ln(l + z) 




-0 01+"-^^ 


V. 770 + r]aZ 


0.84i;i;[( 


ds+^'-iy 

'-'•^'^-0.49 


VI. 770 + 7?a 




1 02+"**'* 


VII. 770 + 77„ ln(l + z) 







Table 1 Summary of the results for seven parameterizations at Ict confidence level with 
Az = 0.002. 



The above analyses are based on the assumption that the redshift-independent model parameter is a 
constant 770 = 1. Now we take it as a varying parameter to examine the DD relation by assuming more 
general expressions: V. 77(2) = 770 + 7]az; VI. ij{z) ~ rjo + riaz/{l + z); VII. 77(2) = 770 + 77a ln(l + z). 
Fitting results from two-parameter forms with the ADDs of galaxy clusters and the luminosity distances 
of the Union2 set with Az = az,tot = 0.002 are shown in Fig. |2] and summarized in Table [T] Our 
results suggest that there is no violation of the DD relation for two-parameter parameterizations at la 
CL for model V and VII, and at 2a CL for model VI, which are more stringent than those obtained in 
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4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 



13 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 



14 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 



Fig. 2 Likelihood contours with the 33 ADDs of galaxy clusters and the luminosity distances 
of the Union2 set at 1 and 2a CL for two-parameter forms in the r/o — rja plane [Left: for 
= 770 + '7i 2; Middle: for 77(2) = m + Vaj^; Right: for 77(2) = 770+77^111(1 + 2:)]. The 
filled stars represent the cases with no violation of the DD relation (7/0 = 1 and rja = 0). 



iLi. Wu. & Yul ( |201 ll) . where the DD relation are consistent at 2a CL for the spherical sample of galaxy 
clusters. 

From Fig. [T} |2] and Table [T] we can find that the DD relation can be accommodated at la 
CL for the Bonamente e t al. s ample except model VI. Our results differs from those obtained by 
iHolanda. Lima & Ribeird(l2010h . where the results from the Bonamente et al. sample giv e a clear viola- 
tion of the DD relation. However, these results are more stringent than those obtained bv lLi. Wu. & 
(l201ll) . where the DD relation is accommodated at 2 — 3(t CL for the spherical sample of galaxy clusters. 

After identifying the constraints on 77 obtained with the minimum acceptable Az = 0.002, we may 
consider different values of Az for examining the role of the choosing of Az played in constraints. 
For the selection criteria of Az = 0.003, 0.004, 0.005, there are 35, 37, 38 data pairs, respectively. In 
Fig. [3] we show the corresponding constraints on rja for the three one-parameter forms of the redshift: 
II. 7^(2) = 1 + 7;a2; III. 77(2) = 1 + 77a2/(l + z); and IV. 7^(2) = 1 + 7;^ ln(l + 2). Finally, we plot the 
la error bar of 77a as a function of Az ~ 0.002 — 0.005 in Fig. |4l For comparison, we also show the 
results of Az ~ with 14 data pairs. 

From Fig. |3} IH we can find that the choosing of Az may play an important role in this model- 
independent test, and the re sults for Az = 0.005 in ou r test s how the DD relation is ruled out at 2a CL, 
which are close to those of 'Holanda, Lima & Ribeiro' (20 1C|| where the DD relation is ruled out at 3a 
CL, and consistent with those obtained in .Li. Wu. & Yu(201lb . where the DD relation are consistent at 
3ct CL for the spherical sample of galaxy clusters. 



5 CONCLUSIONS 

In this paper, we have discussed a new model-independent cosmological test for the distance-duality 
relation, 77(2) = Dl{1 + z)~'^/Da- We consider the angular diameter distances from galaxy clusters 
obtained by using Sunyaev-Zeldovich effect and X-ray surface brightness together with the luminosity 
distances given a sub-sample of SNe la taken from the Union2 data. The key aspect is that SNe la 
is carefully chosen to have the minimum acceptable redshift difference of the galaxy cluster {Az — 
o'z,tot — cTz.sN + cTz, cluster). For the sake of generality, the 77 parameter is also parameterized in seven 
different forms, namely, four one-parameter models.: (I) 77 = 770, (II) 77 = 1 + 77^2, (III) 77 = 1 + 
77a2 /(I + 2), (IV) 77 = 1 + 77a ln(l + 2) and three two-parameter models: (V) 7; = 770 + 7702, (VI)77 = 
Vo + Vaz/il + 2), (VII) 77 = r/o + 7/a ln(l + z). 
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Fig. 3 The likelihood distribution function in the 7]a — Ax^ planes for the three one-parameter 
forms of the redshift (model II, III, IV) with varying Az = 0.003, 0.004, 0.005. 



0.4r 



0.2 



-0.2 
-0.4 
-0.6 
-0.8 



-J i 1 



* Ti=i+n//(i+z) 

n=1+il ln(1+z) 



2 3 
Az 



X 10" 



Fig. 4 The la error bar of i]a as a function of Az = — 0.005 for the three one-parameter 
forms of the redshift (model II, III, IV). 



By assuming rj a constant, we obtain 770 = 0.97_Q gg at la. For the redshift-dependent one- 
parameter forms of model II, model III, and model IV, we obtain t/q = — O.OIIq ;[g, 77a — ~0.01^q 24' 
and rja = ^O OIIq 19, respectively, which are well consistent with no violation of the distance-duality 
relation. We furthermore put forwards three kinds of two-parameter parametrizations corresponding to 
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model II, III and IV, respectively. The standard values without any violation of the reciprocity relation 
(770 = 1 and Tja = 0) is still included at 68.3% CL (Icr) formodel V, VII and at 95.8% CL (2a) formodel 
VI. It is shown that there is no conceivable evidence for variations of the duality distance relation for the 
Bonamente et al. sampl e, since it is marginally satisfied w ithin Icr CL for most cases, which is different 
from those obtained by iHolanda. Lima & Ribeirol ( I2OIOI) . where the results from the Bo namente et al. 
sampl e give a clear violation of the DD relation, and more stringent than those obtained bv lLi. Wu. & 
(l201lh . By further considering different values of the redshift difference Az, we find that the choosing 
Az may play an important role in this model-independent cosmological test of the DD relation, and the 
results for Az = 0.005 in our test show the DD relation is ruled out at 2<t CL, which are close to those 
of Holanda, Lima & Ribeiro (20 1^) where the DD relation is ruled out at 3(t CL, and consistent with 
those obtained in lLi. Wu. & Yu ( 201 lb . where the DD relation are consistent at 3a CL for the spherical 



sample of galaxy clusters. 

It is still interesting to see whether those conclusions may be changed with larger SNe la and clusters 
data in the future, which reinforces the interest in the observational search for more samples of galaxy 
clusters with smaller statistical and systematic uncertainties, as well as the determination of their angular 
diameters trough the combination of SZE and X-ray surface brightness. 

Acknowledgements We thank Prof. Zong-Hong Zhu, Dr Yi Zhang, as well as Heng Yu, XiaoLong 
Gong, Hao Wang, Xing-Jing Zhu, Yan Dai, Yu Pan, Fang Huang, Jing Ming, Kai Liao for discussions. 
This work was supported by the National Natural Science Foundation of China under the Distinguished 
Young Scholar Grant 10825313 and Grant 1 1073005, the Ministry of Science and Technology national 
basic science Program (Project 973) under Grant No.2007CB8 15401, the Fundamental Research Funds 
for the Central Universities and Scientific Research Foundation of Beijing Normal University. 



References 

Amanullah, R., et al. 2010, ApJ, 716, 712 
Astier, P, et al. 2006, A&A, 447, 31 
Avgoustidis, A. et al. 2010, JCAP, 10, 024 
Bassett, B. A., & Kunz, M. 2004a, ApJ. 607, 661 
Bassett, B. A., & Kunz, M. 2004b, PRD, 69, 101305 

Bevington, P. R., & Robinson, D. K. 2003, Data reduction and error analysis for the physical sciences, 
3rd ed., by Philip R. Bevington, and Keith D. Robinson. Boston, MA: McGraw-Hill, ISBN 0-07- 
247227-8, 2003 

Birkinshaw, M., Hugues, J. P, & Arnaud, K. A., 1991, ApJ, 379, 466. 

Bonamente, M., et al. 2006, ApJ, 647, 25 

Cao, S., & Zhu, Z.-H. 201 1, ScChG in press 

Cavaliere, A., & Fusco-Fermiano, R. 1978, A& A, 667, 70 

Chevallier, M. & Polarski, D., 2001, IJMPD, 10, 213 

Corasaniti, P S. 2006, MNRAS, 372, 191 

Csaki, C, Kaloper, N. & Terning, J. 2002, PRL, 88, 161302 

Cunha, J. V, Marassi, L., & Lima, J. A. S. 2007, MNRAS, 379, LI 

Dale, D. A., et al. 1999, AJ, 118, 1489 

De Bemardis, F, Giusarma, E., & Melchiorri, A. 2006, IJMPD, 15, 759 

De Filippis, E., SerenoM, M., Bautz, W., Longo, G. 2005, ApJ, 625, 108 

Etherington, I. M. H. 1933, Phil. Mag. 15, 761; reprinted in 2007, Gen. Rel. Grav. 39, 1055 

Fu, L., et al. 2008, A&A, 479, 9 

Hicken, M., et al. 2009, ApJ, 700, 1097 

Holanda, R. F L., Lima, J. A. S., & Ribeiro, M. B., 2010, ApJ, 722, L233 
Holanda, R. F L., Lima, J. A. S., & Ribeiro, M. B., 201 1, A&A, 528, 14 
Holanda, R. F L., Lima, J. A. S., & Ribeiro, M. B., MXiv:1104.3753 
Inagashi, Y, Suginohara, T., & Suto, Y. 1995, Publ. Astron. Soc. Japan, 47, 41 1 



Testing the Distance-Duality Relation 



9 



Komatsu, E., et al. [WMAP collaboration], 2010, arXiv: 100 1.45381 
Kowalski, M., et al. 2008, ApJ, 686, 749 

Lima, J. A. S., Cunha, J. V., & Alcaniz, J. S. 2003, PRD, 68, 023510 

Under E. V. 2003, PRE, 90, 091301 

Ei, Z. X., Wu, P X., & Yu, H. W. 2011, ApJ, 729, E 14 

Eiang, N., Cao, S., & Zhu, Z.-H. 201 1, arXiyTf 10 4.24971 

Meng, X.-E., Zhang, T.-J., & Zhan, H. 201 1, ar Xiv:l 104.28331 

More, S., Bovy, J., & Hogg, D. W. 2009, ApJ, 696, 1727 

Nair, R., Jhingan, S., & Jain, D. 2011 |arXiv:1102.10651 

Nozawa, S., Itoh, N., Suda, Y., & Ohhata, Y. 2006, Nuovo Cimento B, 121, 487 [arXiv: 05 07466] 
Perlmutter, S., et al. 1999, ApJ, 517, 565 
Reese, E. D., et al. 2002, ApJ, 581, 53 
Riess, A. G., et al. 1998, AJ, 1 16, 1009 

Riess, A. G., et al. [Supernova Search Team Collaboration], 2004, ApJ, 607, 665 
Riess, A. G., et al. 2007, ApJ, 659, 98 

Schneider, P., Ehlers, J., & Falco, E. E. 1992, Gravitational Eenses (Springer- Verlag, Berlin) 

Silk, J., & White, D. M., 1978, ApJE, 226, E103 

Silva, R., Alcaniz, J. S., & Eima, J. A. S. 2007, IJMPD, 16, 469 

Sunyaev, R. A., & Zel'dovich, Y. B. 1972, Comm. Astrophys. Space Phys., 4, 173 

Uzan, J. P, Aghanim, N., & Mellier, Y. 2004, PRD, 70, 083533 

Watkins, R. 1997, MNRAS, 292, E59 

Wood-Vasey, W. M., et al. 2007, ApJ, 666, 694 



